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Background: The constructs and interdependency of physical behaviors are not well described 
and the complexity of physical activity (PA) data analysis remains unexplored in COPD. This 
study examined the interrelationships of 24-hour physical behaviors and investigated their 
associations with participant characteristics for individuals with mild–moderate airflow obstruc-
tion and healthy control subjects.
Patients and methods: Vigorous PA (VPA), moderate-to-vigorous PA (MVPA), light PA 
(LPA), stationary time (ST), average movement intensity (vector magnitude counts per minute), 
and sleep duration for 109 individuals with COPD and 135 healthy controls were obtained by 
wrist-worn accelerometry. Principal components analysis (PCA) examined interrelationships of 
physical behaviors to identify distinct behavioral constructs. Using the PCA component loadings, 
linear regressions examined associations with participant (+, positive correlation; -, negative 
correlation), and were compared between COPD and healthy control groups.
Results: For both groups PCA revealed ST, LPA, and average movement intensity as distinct 
behavioral constructs to MVPA and VPA, labeled “low-intensity movement” and “high-intensity 
movement,” respectively. Sleep was also found to be its own distinct behavioral construct. 
Results from linear regressions supported the identification of distinct behavioral constructs 
from PCA. In COPD, low-intensity movement was associated with limitations with mobility 
(-), daily activities (-), health status (+), and body mass index (BMI) (-) independent of high-
intensity movement and sleep. High-intensity movement was associated with age (-) and self-care 
limitations (-) independent of low-intensity movement and sleep. Sleep was associated with 
gender (0= female, 1= male; [-]), lung function (-), and percentage body fat (+) independent 
of low-intensity and high-intensity movement.
Conclusion: Distinct behavioral constructs comprising the 24-hour day were identified as “low-
intensity movement,” “high-intensity movement,” and “sleep” with each construct independently 
associated with different participant characteristics. Future research should determine whether 
modifying these behaviors improves health outcomes in COPD.
Keywords: accelerometry, COPD, physical activity, principal components analysis, sedentary 
behavior
Introduction
For over a decade, an abundance of research about the physical activity (PA) of 
individuals with COPD has been published. Compared to people with more severe 
disease, fewer studies have explored the PA of individuals with mild–moderate airflow 
obstruction.1 This is despite these patients taking fewer steps per day than healthy adults2 
and experiencing significant respiratory impairment during activities of daily living.3 
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A lack of PA has been prospectively associated with greater 
risk of premature mortality,4 and increasing PA is recognized 
as an important goal of COPD management.5
In a review of PA methodologies in COPD, only 40% of 
studies were found to report intensity categories of PA, with 
most studies reporting daily step count.6 Daily step count 
does not describe the intensity at which movements are per-
formed, an important aspect of PA for reducing the risk of 
hospitalization.7 In addition, as individuals with COPD are 
more sedentary than healthy adults8,9 an alternative approach 
to increasing PA by targeting reductions in sedentary 
behavior, defined as “any waking behavior characterized by 
an energy expenditure #1.5 metabolic equivalents (METs), 
while in a sitting, reclining, or lying posture,”10 has been put 
forward as a potentially more achievable target for patients.11 
As time-based behaviors are inherently constrained by the 
24-hour day, reducing time spent sedentary must result in 
spending more time in at least one other behavior. How-
ever, it is unclear whether this time would be replaced with 
light intensity activity, moderate-to-vigorous PA (MVPA), 
or sleep. With a pressing need to offer more personalized 
care, stratifying patients based on their physical behaviors 
may help to better tailor interventions to improve clinical 
outcomes.12
Accelerometers allow the measurement of all physical 
behaviors: stationary time ([ST] a proxy measure of seden-
tary behavior),10 light activity, MVPA, and sleep. However, 
no study in COPD has explored how 24-hour behaviors 
relate to each other, how they are associated with demo-
graphics, social deprivation, clinical characteristics, and 
exercise capacity, and if these associations differ between 
behaviors and from healthy controls. Therefore, it remains 
unclear whether “not being sedentary” or “being physically 
active” are two sides of the same coin. This study aimed to 
examine the interrelationships of 24-hour physical behaviors 
and investigate their associations with participant charac-
teristics in individuals with COPD with mild–moderate 
airflow obstruction and adults free from respiratory disease 
(controls).
Patients and methods
study design
Data was obtained from the PA and Respiratory Health 
(PhARaoH) Study; a cross-sectional, observational study 
of adults with and without a diagnosis of COPD according 
to primary care records.13 All participants provided written 
informed consent and the trial was conducted in accordance 
with the Declaration of Helsinki.
Inclusion/exclusion criteria
Participants were included if they were aged 40–75 years. 
The CONSORT flowchart for the present study is provided 
in Figure 1. Nonwhite British participants were excluded 
from the analysis due to a lack of sufficient sample size for 
individuals with COPD (N=5), with PA differences observed 
between ethnic groups14 impacting comparability between 
individuals with and without COPD. The final sample 
comprised of 109 individuals with COPD and 135 controls.
recruitment
Individuals with COPD were recruited from general 
practice registers and control subjects were recruited 
through advertisements in community settings; both within 
Leicestershire, UK.
accelerometry
Participants were asked to wear an ActiGraph wGT3X-BT 
accelerometer (ActiGraph, LLC, Pensacola, FL, USA) on 
their nondominant wrist for seven consecutive days, removed 
only for water-based activities. Valid day criteria of $10 
waking hours on $4 days were used.15 Non-wear was defined 
as 90 minutes of consecutive zeros with allowance for 2 
minutes of interruptions.16,17 Vector magnitude counts per 
minute (VMCPM) was used to denote average movement 
intensity. ST was defined as ,2,000 VMCPM, light PA 
(LPA) as 2,000–7,499 VMCPM, MVPA as $7,500 VMCPM, 
and vigorous PA (VPA) as $8,250 VMCPM.18 Sleep dura-
tion was calculated using a sleep detection algorithm, which 
determined the onset and end of sleep using sustained periods 
Figure 1 CONSORT flowchart.
Abbreviation: gOlD, global Initiative for Obstructive lung Disease.
436
Original participants
139
COPD
109
COPD
297
Controls
135
Controls
Respiratory GOLD III/IV (n=21)
Spirometry not conducted (n=2)
Nonwhite ethnicity (n=5)
<4 valid days of accelerometry (n=2)
Respiratory Condition (n=50)
Spirometry not conducted (n=4)
Nonwhite ethnicity (n=107)
<4 valid days of accelerometry (n=1)
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of (in)activity from VMCPM values based on the work of 
Carney et al.19 To identify the time when participants went 
to sleep, the algorithm identified consecutive dips in activity, 
specifically a 90% reduction from the previous epoch for 
15 minutes between the hours of 21:00 and 23:59. To identify 
the time when sleep ended, the algorithm detected consecu-
tive rises in activity level of at least 75% from the previous 
epoch for 5 minutes between 06:00 and 09:00. Further details 
of accelerometry methodology are provided as Supplemen-
tary Material. Patients were stratified by ST and MVPA to 
examine the proportion of patients considered “sedentary 
and not active,” “sedentary and active,” “not sedentary and 
not active,” or “not sedentary and active” using pragmatic 
total per day thresholds of 600 minutes/day and 20 minutes/
day, respectively, similar to the mean values of the groups.
anthropometrics and body composition
Height was measured using a portable stadiometer, and 
weight and percentage body fat were obtained using bio-
electrical impedance analysis (Tanita MC780MA; Tanita 
Corporation, Tokyo, Japan) with BMI derived. Waist cir-
cumference was measured around the mid-point between 
the lowest rib and iliac crest.20
spirometry
Lung function parameters were assessed using forced 
spirometry (MicroLab MK8 spirometer; CareFusion, San 
Diego, CA, USA) conducted in accordance with American 
Thoracic Society/European Respiratory Society guidelines,21 
with the highest values for FEV
1
 and FVC used in the analy-
ses. Severity of airflow obstruction was defined according 
to Global Initiative for Obstructive Lung Disease (GOLD) 
criteria22 using established reference values.23
exercise capacity
Exercise capacity was assessed using the incremental shuttle 
walk test (ISWT).24 The best distance from two tests was 
carried forward.
skeletal muscle strength
Leg strength was assessed using the quadriceps maximal 
voluntary contraction (QMVC) test.25 Participants performed 
three sustained maximal isometric quadriceps contrac-
tions, with the greatest of the three efforts carried forward 
for analysis. Upper body skeletal muscle assessment was 
obtained by standing grip strength using a hand-held dyna-
mometer (Takeii analog dynamometer; Takei Corp Ltd., 
Tokyo, Japan)26 with the best result from three efforts car-
ried forward.
Questionnaires
Self-reported breathlessness was obtained using the modified 
Medical Research Council (mMRC) dyspnea scale.27 The 
EuroQol EQ-5D-5L was used to assess perceived general 
health status comprising Likert scales for problems with 
mobility, self-care, usual activities, pain/discomfort, and 
anxiety and depression and a visual analog scale (0–100).28 
Likert scales were used to form a general health index 
value.29 Participants self-reported their usual walking speed 
as “slow,” “average,” “fairly brisk,” or “brisk.”
statistical analyses
Analyses were conducted using SPSS version 23.0 (IBM 
Corporation, Armonk, NY, USA) and all figures were pro-
duced using GraphPad Prism version 7 (GraphPad Software, 
Inc., La Jolla, CA, USA). Data are reported as mean (SD) 
or median (interquartile range [IQR]) with group compari-
sons performed using ANOVA or Mann–Whitney U test. 
Frequency comparisons between groups were performed 
using Chi-square test. Significance was set to P,0.05.
Times spent in physical behaviors were extrapolated to 
1,440 minutes (24 hours) in order to standardize the wear time 
for each participant. PA (LPA, MVPA, VPA), ST, average 
movement intensity, and sleep duration were used in principal 
components analysis (PCA) to identify distinct behavioral 
components. These components were based on linear com-
binations of the encompassing variables weighted by their 
contribution to the explained variance within each respec-
tive component. PCA is robust against the multicollinearity 
present when dealing with time-based physical behaviors. 
The number of components produced by PCA and the com-
ponent loadings (the correlation coefficients between the 
variables and components) are reported. Component scores 
were calculated for each participant for each component.
Univariate analyses were conducted using correlations 
between principal component scores and clinical character-
istics. Linear regressions were used to examine variables 
associated with each principal component. All identified prin-
cipal components were entered into the same regression mod-
els to determine associations with participant characteristics 
independent of other 24-hour behaviors. For all models, data 
were checked for linear relationship, absence of multicollinear-
ity, homoscedasticity, and a normal distribution of residuals.
Results
sample characteristics
Participant characteristics are provided in Table 1. Overall 
accelerometer adherence for 7 days was 94.7%. Individuals with 
COPD spent more time stationary (616±111 vs 522±103 minutes/
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day, P,0.001) and accumulated less LPA (369±99 vs 405±79 
minutes/day, P,0.001), MVPA (18±17 vs 38±30 minutes/day, 
P,0.001), VPA (10±11 vs 23±21 minutes/day, P,0.001), and 
sleep (438±88 vs 475±94 minutes/day, P=0.021) and had a 
lower average movement intensity (1,974±489 vs 2,465±543 
VMCPM, P,0.001) compared to controls.
associations between behaviors
PCA classified ST and LPA as distinct components to 
MVPA and sleep for patients and controls revealing three 
distinct constructs: “low-intensity movement” (ST, LPA, and 
average movement intensity), “high-intensity movement” 
(MVPA and VPA), and “sleep” (sleep duration) (Table 2). 
Table 2 PCa for sleep duration, VMCPM, sedentary time, light intensity Pa, MVPa, and VPa (99.5% of variance explained for COPD 
and 99.6% of variance explained for controls, P,0.001)
Accelerometry 
variables
COPD Controls
Percent of 
variance
Component loading Percent of 
variance
Component loading
Component Component
1 2 3 1 2 3
VMCPM 54.8 0.897 0.428 0.010 18.2 0.679 0.714 0.135
stationary -0.849 -0.113 -0.513 -0.410 -0.839 -0.355
lPa 0.953 0.098 -0.282 0.108 0.982 -0.148
MVPa 27.2 0.242 0.961 -0.109 63.8 0.969 0.237 0.039
VPa 0.138 0.983 -0.076 0.979 0.184 0.039
sleep 17.5 -0.039 -0.151 0.998 17.5 0.042 0.030 0.999
Notes: COPD: component 1, “low-intensity movement”; component 2, “high-intensity movement”; and component 3, “sleep.” Controls; component 1, “high-intensity 
movement”; component 2, “low-intensity movement”; and component 3, “sleep.” Bold values indicate the main contributing variables to each component.
Abbreviations: MVPa, moderate-to-vigorous Pa; Pa, physical activity; VMCPM, vector magnitude counts per minute (average movement intensity); VPa, vigorous Pa; 
lPa, light Pa.
Table 1 Participant characteristics stratified by COPD status, reported as mean (SD) for continuous data
COPD (n=109) Controls (n=135) P-value
Demographics
age (years) 65.7 (7.1) 58.5 (9.0) ,0.001
gender: female/male 42/67 89/46 ,0.001
employment status: employed/unemployed/retired 28/12/69 72/7/56 ,0.001
household incomea (£): ,£18,000/£18,000–30,999/£31,000–51,999/ 
£52,000–99,999/$£100,000
40/31/17/6/0 15/39/37/34/4 ,0.001
respiratory health
smoking status: current/former/never 18/78/12 8/60/67 ,0.001
Pack years (median [IQr]) 38.9 (29.0) 10.6 (18.0) ,0.001
FeV1 (l) 2.0 (0.7) 2.8 (0.6) ,0.001
FeV1%pred 76.2 (17.8) 107.0 (17.9) ,0.001
FVC (l) 3.6 (1.0) 3.9 (0.8) 0.016
FeV1/FVC 56.0 (11.2) 72.8 (6.3) ,0.001
mMrC score (median [IQr]) 1 (1) 0 (1) ,0.001
Perceived general health
general health index value 0.775 (0.181) 0.893 (0.109) ,0.001
general health Vas score (median [IQr]) 80 (25) 90 (15) ,0.001
Body composition
BMI (kg/m2) 28.6 (5.6) 26.9 (5.2) 0.016
Percentage body fat 28.8 (8.6) 29.7 (8.2) 0.426
Waist circumference (cm) 99.9 (13.9) 89.9 (14.4) ,0.001
Physical function
IsWT (m) 387.4 (158.5) 580.1 (189.5) ,0.001
QMVC (kg) 34.9 (13.2) 38.3 (14.7) 0.067
grip strength (kg) 35.7 (10.9) 36.0 (10.5) 0.820
Usual walking speed: slow/average/fairly brisk/brisk 29/63/15/2 3/73/56/3 ,0.001
Note: a15 (13.7%) COPD patients and six (4.5%) controls did not provide an answer.
Abbreviations: BMI, body mass index; FeV1%pred, FeV1 percentage predicted; ISWT, incremental shuttle walk test; IQR, interquartile range; mMRC, modified Medical 
research Council; QMVC, quadriceps maximal voluntary contraction; Vas, visual analog scale.
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Within component one for COPD and component two for 
controls, ST was highly inversely related to LPA and average 
movement intensity.
Participants were stratified by their time in “low-intensity 
movement” and “high-intensity movement” using a ST 
threshold of ,/$600 minutes/day and MVPA threshold 
of ,/$20 minutes/day. For individuals with COPD (vs con-
trols) 41% (vs 16%) were “sedentary and not active,” 12% (vs 
7%) were “sedentary and active,” 24% (vs 17%) were “not 
sedentary and not active,” and 23% (vs 60%) were “not seden-
tary and active” (Figure 2). These observations were confirmed 
when plotting the low-intensity and high-intensity movement 
component loadings (Figure S1). Association analyses pre-
sented from this point used component values for “low-intensity 
movement,” “high-intensity movement,” and “sleep.”
Univariate associations between physical 
behaviors and participant characteristics
A schematic of the characteristics associated with the identi-
fied components is provided in Figure 3 with the strengths 
of associations ranging from very weak to moderate. For 
people with COPD “low-intensity movement,” but not “high-
intensity movement,” was associated with dyspnea, mobility 
limitations, activity limitations, general health index, BMI, 
and waist circumference (Table 3). “High-intensity move-
ment,” but not “low-intensity movement,” was associated 
with age and self-care limitations. “Sleep”, but not “low-
intensity movement” or “high-intensity movement,” was 
associated with gender, FEV
1
, and percentage body fat. 
For healthy controls “low-intensity movement,” but not 
“high-intensity movement,” was associated with dyspnea and 
all body composition measures. “High-intensity movement,” 
but not “low-intensity movement,” was associated with age, 
self-reported pain, and usual walking speed. “Sleep”, but not 
“low-intensity movement” or “high-intensity movement,” 
was associated with gender and general health index.
Independent associations between 
physical behaviors and participant 
characteristics
All components were entered into a single model to examine 
the independent associations of physical behaviors with 
participant characteristics (eg, the association between 
high-intensity movement and age after controlling for low-
intensity movement and sleep). In COPD, “low-intensity 
movement” was associated with limitations with mobility 
and daily activities, health status, BMI, and waist circumfer-
ence independent of “high-intensity movement” and “sleep”. 
“High-intensity movement” was associated with age and self-
care limitations independent of “low-intensity movement” 
and “sleep”. “Sleep” was associated with gender, lung func-
tion, and percentage body fat independent of “low-intensity 
movement” and “high-intensity movement.” For controls, 
“low-intensity movement” was associated with mMRC 
and body composition measures independent of “high-
intensity movement” and “sleep”. “Sleep” was associated 
with gender independent of “low-intensity movement” and 
“high-intensity movement.”
180
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140
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0 200 400
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<10 h/day
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Figure 2 Scatterplot of sedentary time against MVPA (minutes/day) for individuals with COPD, stratified by their ST (,/$600 minutes/day) and MVPa (,/$20 minutes/day).
Notes: solid circles: COPD; blank circles: controls.
Abbreviations: MVPa, moderate-to-vigorous Pa; Pa, physical activity; sT, stationary time.
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Discussion
In the first study to explore the interrelationships of 24-hour 
physical behaviors in COPD, ST, light activity, and average 
movement intensity (construct labeled “low-intensity move-
ment”) were classified as distinct behavioral components to 
MVPA and VPA (construct labeled “high-intensity move-
ment”) as well as sleep duration. Therefore, being sedentary 
should not be interpreted as the opposite of being physically 
active for individuals with COPD. This was demonstrated 
by 12% of patients classified as “sedentary and active” and 
24% of patients classified as “not sedentary and not active.” 
Moreover, low-intensity and high-intensity movements were 
associated with different participant characteristics. Being 
stationary and doing light-intensity activity were highly pro-
portional, classified within the same behavioral component, 
which should be accounted for using more sophisticated 
analyses in future studies.
Exploring 24-hour physical behaviors helps us understand 
how different interventions may influence patients’ behav-
iors. Pulmonary rehabilitation promotes PA of a sufficient 
intensity (ie, MVPA) to evoke physical adaptations leading to 
improved cardiorespiratory fitness and muscle functioning30 
and, therefore, does not specifically aim to reduce the time 
patients spend being stationary. Consequently, this type of 
intervention may not uniformly result in reductions in ST 
or changes in sleep duration. A study by Mesquita et al31 
supports our finding that ST and light activity are highly 
proportional, with 86% of the patients completing pulmonary 
rehabilitation who reduced their ST also increasing their light 
intensity activity; with a strong correlation observed between 
changes in these behaviors (r=-0.89).31 However, a strong 
correlation was also seen for changes in ST and changes in 
MVPA (r=-0.74), with 82% of patients who reduced their ST 
also increasing their MVPA.31 A reason for this disparity may 
be the absence of a minimum threshold for change as most 
patients appeared to change their time spent in MVPA by ±5 
minutes/day.31 Another potential reason and an important 
limitation of previous studies has been the use of conventional 
statistical analyses that are not sufficiently robust to handle 
perfectly multicollinear time-based behavioral variables.32
ST and taking part in light-intensity activity were found to 
be highly inversely proportional behaviors in the present study 
as indicated by the opposite signs for component loadings (eg, 
-0.849 for ST and 0.953 for light activity in COPD); unique 
from engaging in moderate and vigorous intensity activities. 
In support of our observation that ST and MVPA are distinct 
behaviors, a cross-sectional observational study of 1,001 
individuals with COPD (all with severities of airflow obstruc-
tion) identified, using cluster analysis, patients who averaged 
.1 hour of MVPA per day based on the SenseWear armband 
whilst also accumulating .11 hours in behaviors classified as 
,2.0 METs.33 There is also a need to account for the 24-hour 
day rather than focusing only on waking behaviors. For 
example, patients with better sleep quality have been found 
to spend more time in light-intensity activity and MVPA the 
following day.34 Future work should explore the composition 
COPD
Controls
Low-intensity
movement
Dyspnea (–)
Exercise capacity (+)
Usual walking speed (+)
Problems with mobility (–)
Problems doing usual
activities (–)
Perceived health status (+)
Dyspnea (–)
Body mass index (–)
Percent body fat (–)
Waist circumference (–)
Exercise capacity (+)
Sleep
Gender (–) (0=F 1=M)
Dyspnea (+)
Lung function (–)
Percent body fat (+)
Exercise capacity (–)
Gender (–) (0=F 1=M)
Age (–)
Perceived health status (+)
High-intensity
movement
Age (–)
Exercise capacity (+)
Usual walking speed (+)
Problems washing or
dressing (–)
Age (–)
Exercise capacity (+)
Usual walking speed (+)
Pain or discomfort (–)
Figure 3 a schematic comparing the characteristics associated with sleep, low-intensity movement, and high-intensity movement for patients and controls.
Notes: +, positive correlation between variables; -, negative correlation between variables.
Abbreviations: F, female; M, male.
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of the 24-hour day in relation to prospective health outcomes 
such as hospitalization and mortality using statistical methods 
that can account for the multicollinear nature of these data.32
Exercise therapy through pulmonary rehabilitation is 
effective in reducing the population symptom burden of 
COPD but its predication on high-intensity PA (MVPA) 
within a “one size fits all” framework may be improved 
through stratification approaches. By stratifying individuals 
by their MVPA and ST, the present study identified a par-
ticularly important subgroup of patients who may require 
exercise-based interventions to increase their MVPA in 
addition to behavioral approaches to reduce their ST (ie, help 
them become “not sedentary and active”).
Pulmonary rehabilitation has been found to be equally 
beneficial to patients with mild disease compared to patients 
with more severe symptoms,35 yet these patients are markedly 
underrepresented in practice.36 Despite the observed asso-
ciations between exercise capacity and all 24-hour physical 
behaviors, improvements in physical functioning and exercise 
capacity following pulmonary rehabilitation have inconsis-
tently translated into subsequent increases in daily PA.37 
Therefore, the weak to moderate strengths of associations 
observed in the present study are perhaps unsurprising. With 
the current evidence base primarily comprised of observa-
tional studies, future research is needed to determine whether 
interventions modifying physical behaviors can alter outcomes 
in COPD and whether patients with mild airflow obstruction 
may be more likely to increase their PA following pulmonary 
rehabilitation than those with more severe airflow obstruction.
Limitations of the present study must be considered, includ-
ing the potential for recruitment bias and the cross-sectional 
design of the study. It is also unknown whether similar find-
ings would be observed in patients with more severe airflow 
obstruction who are less likely to engage in as much MVPA as 
those with milder airflow obstruction. For example, for those 
patients unable to engage in MVPA, their time spent in PA and 
being sedentary would be equal opposites. The present sample 
was ethnically homogenous due to an insufficient number of 
nonwhite individuals with COPD (N=5), but this may repre-
sent the composition of ethnic groups living with COPD in 
Leicestershire.38 Groups were not matched for gender which 
may have confounded results. We were also unable to examine 
sleep quality in the present study, thus it should be noted that 
overall sleep duration may oversimplify the complexity of 
sleep and its potential relationship with waking behaviors.34 
The use of wrist-worn accelerometry limited our ability to 
directly compare behaviors measured at more popular loca-
tions such as the waist or with more frequently used devices. 
Given the use of accelerometry to assess sedentariness, we 
were only able to assess ST rather than the specific postures 
required to classify sedentary behaviors.10
Conclusion
This study explored the constructs and interdependency 
between objectively measured 24-hour physical behaviors 
and investigated their associations with participant char-
acteristics for people living with COPD (mild–moderate 
airflow obstruction) and healthy control subjects. Distinct 
behavioral constructs were identified as “low-intensity 
movement” (comprising of ST, light activity, and average 
movement intensity), “high-intensity movement” (compris-
ing of moderate and vigorous activities), and sleep, each 
independently associated with different participant charac-
teristics. Therefore, being sedentary and being physically 
active are not two sides of the same coin. Future research 
should routinely capture, report, and assess the full range of 
movement intensities (sleep, sedentary, light, moderate, and 
vigorous) where possible to determine whether modifying 
these behaviors improves health outcomes in COPD.
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research/mi-lab/research/pharaoh/. Study documentation, 
including informed consent form, participant information 
sheet, and monitor instruction sheet are available on request.
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Supplementary materials
reliability testing
Accelerometers are commonplace in the field of PA research, 
in part due to their small size, light weight, ability to measure 
human movement (acceleration), and store data over many 
days.1 Despite the capability of these devices to quantify 
acceleration with high sensitivity (eg, acceleration data can 
be recorded 100 times every second; 100 Hz) it is a good 
practice to check that accelerometers are working within 
an acceptable measurement error before deployment. This 
is particularly important when large number of devices 
are being deployed in a single study due to the increased 
likelihood of inter-device variability. There are plethora of 
examples of studies examining the validity of accelerometers 
in both controlled and free-living conditions using human 
participants.2,3,11,12 However, variations in the participants 
themselves even when a single person wears multiple 
devices,3 introduce inherent variability in the assessment of 
monitor accuracy. An alternative approach for examining 
the accuracy of accelerometers has been through the use 
of mechanical shakers.4,5 The advantages of using shakers 
include the large number of accelerations that can be pro-
duced, the ability to assess many accelerometers at once, and 
the reliable and precise oscillations that can be produced.1 
The importance of limiting inter-device variation and using 
devices with acceptable measurement errors is pivotal for 
accurate and reliable behavior quantification as greater 
magnitudes of acceleration occur at the wrist compared to 
locations closer to the center of mass.6
Mechanical shaking and inter-device 
variability
One hundred and fifty-five ActiGraph wGT3x-BT acceler-
ometers (ActiGraph, LLC) were assessed using an orbital 
shaker table to provide the researcher full control of the 
magnitude of the acceleration and the frequency of the oscil-
lation the devices were exposed to. Five different conditions 
were selected to produce a range of physiologically relevant 
accelerometer counts within the confines of the shaker 
capacity; these were 100, 125, 150, 175, and 200 revolutions 
per minute. Each condition was time-stamped and lasted 
2.5 minutes with 1.25 minutes between each condition to 
allow time for the orbital shaker to adjust the oscillation 
frequency. Care was taken to secure the monitors, being 
firmly fixed in a vertical position along their sensitive axis in 
order to maximize and standardize the output. Once all accel-
erometers were in position the orbital shaker was switched 
on and allowed to warm up in order to facilitate the optimal 
execution of the conditions.
In order to identify accelerometers working outside 
acceptable limits ie, ±10% as per manufacturer guidelines, 
the mean difference percent (Equation S1) was calculated for 
each unit and visualized using Bland–Altman plots for each 
condition. Units which exceeded this tolerance were deemed 
“out of calibration” and returned to the manufacturer. Twelve 
accelerometers (7.7%) were returned to the manufacturer and 
113 devices (72.9%) were used as part of the study.
Mean difference percent
Unit specific mean Condition grand
=
−  mean
Condition grand mean
× 100
 
(S1)
Data processing
Wrist-worn accelerometry is in its infancy within the field of 
PA and sedentary behavior measurement, but there is general 
consensus and initial evidence to suggest that this location will 
permit improvements in wear time compliance;7 an advantage 
for capturing data representative of the wearer’s usual activi-
ties both within and between days. The main reason for this 
is likely the added comfort for the participant, which enables 
them to wear the device without disturbing sleep. As a result, 
participants were only asked to take off the monitor for water-
based activities such as showering. However, with this comes 
the challenge of differentiating time in waking and non-waking 
behaviors. Traditional approaches have utilized participant 
diaries, whereby individuals record the time they went to bed 
and the time they got up each day, but this is plagued by recall 
inaccuracies and adds to the burden of study participation. 
Data-driven approaches are needed to objectively identify sleep 
onset and end without the additional burden to participants.
location and device setup
Objectively derived PA and sedentary time were collected 
using the ActiGraph wGT3X-BT accelerometer worn on 
the nondominant wrist (non-writing hand) continuously 
except for water-based activities at a sample rate of 100 Hz. 
Monitors were deployed in delay mode on day 0 and com-
menced logging on day 1 at 00:00 with a 7-day stop time 
indicated. Each accelerometer was returned via mail after 
seven full days of wear. Monitors were initialized and 
downloaded using ActiLife software (ActiGraph, LLC) 
version 6.13.2 and were analyzed using KineSoft (KineSoft, 
Loughborough, UK) version 3.3.80. Data were processed in 
60-second epochs.
Preprocessing accelerometry analysis
Sixty-second, agd files were processed through KineSoft 
using Choi wear-time criteria8,9 to identify periods of 
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non-wear. Individual files were exported in “processed 
mode” using the File Inspector function in KineSoft. The 
processed data (ie, with non-wear coded) were then inserted 
into an automated sleep detection system.
Identifying time in bed and out of bed
Sleep detection was determined using sustained periods of 
(in)activity from vector magnitude count values based on 
the work of Carney et al.10 To identify the time when par-
ticipants went to sleep (INBED), the algorithm identified 
consecutive dips in activity, specifically a 90% reduction 
from the previous epoch for 15 minutes between the hours 
of 21:00 and 23:59.10 Once the INBED criteria were met, 
the original epoch containing the 90% reduction in counts 
was used to signify the start of sleep. To identify the time 
when participants were awake (OUTBED), the algorithm 
detected consecutive rises in activity level of at least 75% 
from the previous epoch for 5 minutes between 06:00 and 
09:00.10 Once the OUTBED criteria were met, the original 
epoch containing the 75% increase in counts was used to 
signify the end of sleep.
Window identification
In order to facilitate the aforementioned algorithm, a sub-
sample of 80 files (comprising 20 apparently healthy males, 
20 apparently healthy females, 20 male COPD patients, 
and 20 female COPD patients) was used to visually inspect 
the suitability of using the 06:00–09:00 and 21:00–23:59 
windows as part of the sleep detection verification process. 
Minute-by-minute vector magnitude was plotted for each 
of the 7 days of wear and subjected to visual inspection 
for spikes in activity between 06:00 and 09:00 and dips in 
activity between 21:00 and 00:00. Whilst these patterns were 
consistently observed, for the 06:00–09:00 window it was 
noticed that the activity was still relatively high before this 
window for some individuals, therefore, additional criteria 
were included to identify OUTBED occurrences prior to 
06:00 and after 09:00. Similarly, between 21:00 and 00:00 it 
was noticed that the activity was still relatively high after this 
window for some individuals, therefore, additional criteria 
were included to identify INBED occurrences after 00:00. 
Consequently, additional criteria were put in place to account 
for variation in sleep/wake cycles between participants.
Postprocessing data checking
If no INBED occurrence from 21:00 to 23:59 was identified, 
the algorithm used a default time stamp of 23:59 and the 
file was flagged for visual inspection to determine the exact 
INBED occurrence. For INBED time stamps that complied 
with the 21:00–23:59 window, visual inspection was required 
if additional time stamps were present. The default time 
stamp (first occurrence) was altered based on visual inspec-
tion if subsequent spikes in activity lasted at least 2 minutes 
at light or moderate intensity, or 5 minutes if sedentary 
intensity was present. For all OUTBED time stamps, an 
automated time-stamped detection of sustained spikes in vec-
tor magnitude was conducted. Files were flagged for visual 
inspection if a spike in activity occurred within 1 hour of the 
algorithm-derived time stamp.
accelerometry algorithm alterations
Of the 436 total accelerometry files, 435 (99.8%) files were 
visually inspected for at least 1 day for either INBED or 
OUTBED classification. The whole sample of 436 files 
provided a total number of 3,052 potential days of wear 
for the PhARaoH participants. Of these, 2,437 (79.8%) 
required visual inspection for INBED detection of which 
1,515 (62.2%) required an alteration to the algorithm time 
stamp (originally windowed between 21:00 and 23:59). 
For OUTBED detection, 694 (22.7%) days required visual 
inspection of which 598 (86.0%) required an alteration to 
the algorithm time stamp (originally windowed after 06:00).
For the 1,515 INBED detections requiring alterations 
from the original algorithm-derived time stamps, 596 (39.3%) 
were due to participants going to sleep after midnight, 
870 (57.4%) were from adjustments made to the first time 
stamp after 21:00, and 49 (3.2%) were from visual inspec-
tion alone. Of the remaining 922 days the algorithm was 
not altered with 203 (22.0%) because periods of non-wear 
were detected, 63 (6.8%) were for day 7 defaulting to 23:59, 
and 10 (1.1%) were not altered following visual inspection.
For the 598 OUTBED detections requiring amendment 
from the original algorithm output, 540 (90.3%) were due 
to participants waking up before 06:00 and 58 (9.7%) were 
from visual inspection alone. Of the remaining 96 days the 
algorithm was not altered with 57 (59.4%) due to periods of 
non-wear and 39 (40.6%) were not altered following visual 
inspection.
accelerometry processing
After establishing the INBED and OUTBED times for each 
day, sleep was coded as 0 counts (equivalent to non-wear) 
in order to be removed by non-wear algorithm during data 
processing. As a result, time spent in activity intensities was 
derived from waking wear time. Time spent sleeping was 
calculated from the time between INBED and OUTBED 
occurrences. VMCPM was calculated by dividing aver-
age total counts per day by average waking wear time. 
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PA intensities were defined according to published cut points 
for sedentary time, light intensity activity, and MVPA. ST 
was defined as ,2,000 VMCPM, LPA as 2,000–7,499 
VMCPM, MVPA as $7,500 VMCPM, and VPA as $8,250 
VMCPM.6
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Figure S1 scatterplot of component scores for “low-intensity movement” and “high-intensity movement.”
Notes: solid circles: COPD; blank circles: controls.
Abbreviation: PCa, principal components analysis.
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